Identification of Nodal Kink in Electron-Doped (Ndi 85Ceo.i5)Cu04 Superconductor 
from Laser-Based Angle-Resolved Photoemission Spectroscopy 
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High-resolution laser-based angle-resolved photoemission measurements have been carried out on 
the electron-doped (Ndi.85Ceo.i5)Cu04 high temperature superconductor. We have revealed a clear 
kink at ~60 meV in the dispersion along the (0,0)-(7r,7r) nodal direction, accompanied by a peak- 
dip-hump feature in the photoemission spectra. This indicates that the nodal electrons are coupled 
to collective excitations (bosons) in electron-doped superconductors, with the phonons as the most 
likely candidate of the boson. This finding has established a universality of nodal electron coupling 
in both hole- and electron-doped high temperature cuprate superconductors. 

PACS numbers; 74.72.Hs, 74.25.Jb, 79.60.-i, 71.38.-k 



High temperature superconductivity in cuprates is 
achieved by doping an appropriate amount of charge car- 
riers (electrons or holes) into the parent antiferromag- 
netic Mott insulators [ij. It is known that the unusual 
physical properties of high-Tc cuprate superconductors 
stem from the complex interplay between electron charge, 
spin and lattice vibrations. Investigation of these many- 
body effects is essential to understand the macroscopic 
physical properties and the mechanism of high temper- 
ature superconductivity. High resolution angle-resolved 
photoemission spectroscopy (ARPES) has become a pow- 
erful tool to probe many-body effects because the inter- 
action of electrons with a collective excitation gives rise 
to a change in the electron self-energy which can be mea- 
sured directly from ARPES 3- In hole-doped cuprates, 
ARPES measurements have revealed a ubiquitous exis- 
tence of a kink in the dispersion at '^70meV along the 
(0,0)-(7r,7r) nodal direction signaling an electron coupling 
with low energy collective excitations (phonons or mag- 
netic resonance mode)[^, 0, 0, S S Si- However, in the 
electron-doped cuprates, the ARPES measurements so 
far have not found indication of such a kink in the nodal 
dispersion!^, [13, Hi- It is well-known that the electron- 
doped superconductors exhibit different behaviors from 
its hole-doped counterparts, such as the narrower su- 
perconducting doping range and lower superconducting 
transition temperature (Tr)[l^. This raises interesting 
questions on whether the nodal electron dynamics in the 
electron-doped cuprates is inherently different from the 
hole-doped ones and whether such a difference may be re- 
sponsible for the distinct behaviors between the electron- 
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this paper we report an identification of a 
the nodal dispersion of the electron-doped 
superconductor by taking advan- 
performance laser-based ARPES 
optimally-doped and underdoped 
superconductors, we have clearly 
identified a kink in the nodal dispersion near 60 meV, 
accompanied by peak-dip-hump structure in the photoe- 
mission spectra and a drop in the quasiparticle scattering 
rate. These observations indicate that, in the electron- 
doped cuprates, the nodal electrons couple with some col- 
lective excitations with phonons as the most likely candi- 
date. It has established a universality of the nodal kink 
in both electron- and hole-doped cuprate superconduc- 
tors. It also suggests that the different behaviors between 
electron- and hole-doped cuprates may not be dictated by 
the nodal electron coupling, but by their distinct doping- 
dependent electronic structure. 

The angle-resolved photoemission measurements were 
performed on our recently developed vacuum ultra-violet 
(VUV) laser-based ARPES system at the Institute of 
Physics, Chinese Academy of Sciences, which has some 
unique advantages such as super-high energy resolu- 
tion (better than 1 meV), high momentum resolution, 
super- high photon flux and enhanced bulk sensitivity [l4|. 
The photon energy of the VUV laser is 6.994 eV with 
a bandwidth of 0.26 meV. Because of the relatively 
weaker photoemission cross section of the electron-doped 
(Ndi.85Ceo.i5)Cu04 samples, the energy resolution of the 
electron energy analyzer (Scienta R4000) was set at 6.25 



2 




Momentum (A'') E-Ep(eV) Momentum (A"') 



FIG. 1: Nodal kink in the optimally-tdoped 
(Ndo.85Ceo.i5)Cu04 (Tc=24 K) sample. (a). Photoe- 
mission image along the (0,0)-(7r,7r) nodal direction at 13 K. 
The location of the momentum cut is shown in the inset of 

(b) . (b). The corresponding photoemission spectra. The 
EDCs near the Fermi momentum shows a peak-dip-hump 
structure, with the dip position marked by a dashed red line. 

(c) . Nodal dispersion extracted from the MDC analysis. The 
black straight line is a guide to the eye which also serves as 
an empirical bare band to extract the effective real part of 
electron self-energy (ReE), as shown in the upper-left inset. 
The bottom-right inset shows the MDC width. The black 
dashed line is a guide to the eye. 

meV, giving rise to an overall energy resolution of 6.26 
meV. The angular resolution is ~0.3°, corresponding to 
a momentum resolution ~0.004 A^^ at the photon en- 
ergy of 6.994 eV. The Fermi level is determined by ref- 
erencing to the Fermi edge of a clean polycrystalline 
gold that is electrically connected to the sample. The 
(Ndi.85Ceo.i5)Cu04+5 single crystals were grown by flux 
method 15| or floating zone furnace. By annealing the 
as-grown single crystals in argon atmosphere to control 
the oxygen content, S, we obtained two kinds of super- 
conducting samples, one is close to optimally-doped with 
a Tc=24 K while the other is slightly underdoped with 
a Tc=20 K. The single crystals were cleaved in situ and 
measured in ultra-high vacuum with a base pressure bet- 
ter than 5x10"" Torr. 

Fig. 1 shows the photoemission data of the optimally- 
doped (Ndo.85Ceo.i5)Cu04 (Tc=24 K) sample measured 
along the (0,0)-(7r,7r) nodal direction at a temperature of 
13 K. A clear band dispersion is observed in the raw data 
(Fig. la). By fitting the corresponding MDCs (momen- 
tum distribution curves), the quantitative dispersion is 
obtained as plotted in Fig. Ic. A weak but clear kink is 
present in the dispersion at an energy of ~60 meV, as in- 
dicated by the arrow in Fig. Ic. By choosing the straight 
line connecting the two points in the dispersion at Ep 
and -0.2 eV as an empirical bare band, the correspond- 
ing "effective real part of electron self-energy (ReE)" is 



extracted (up-left inset of Fig. Ic) with the ~60 meV fea- 
ture showing up more clearly. In the corresponding MDC 
width (bottom- right inset of Fig. Ic), which is related to 
the quasiparticle scattering rate or the imaginary part of 
the electron self-energy, a slight drop is discernable near 
~60 meV, as seen in the deviation of the MDC width 
data from a linear line. In the corresponding photoemis- 
sion spectra (energy distribution curves, EDCs) as shown 
in Fig. lb, the EDCs near the Fermi momentum show 
clear double-peak or peak-dip-hump structure, with a lo- 
cation of the dip at '^60 meV, as indicated by the dashed 
red line in Fig. lb. 

The photoemission data for the slightly underdoped 
(Ndo.85Ceo.i5)Cu04 (Tc=20 K) sample (Fig. 2) show 
some similar features as those in the optimally-doped 
sample (Fig. 1). First, a clear kink near ~60 meV is 
present in the MDC-derived dispersion (Fig. 2c) and 
more clearly in the corresponding effective real part of 
the electron self-energy (up- left inset of Fig. 2c). Sec- 
ond, in the corresponding EDCs near the Fermi momen- 
tum (Fig. 2b), the peak-dip- hump structure can be seen 
with a dip energy at ~60 meV. Here because of the data 
scattering it is hard to discern a clear feature in the MDC 
width (bottom-right inset of Fig. 2c) . An obvious dif- 
ference in the data for the slightly underdoped sample is 
the observation of another kink at lower binding energy, 
~23 meV, as seen in the dispersion (Fig. 2c) and the 
corresponding effective real part of electron self-energy 
(up-left inset of Fig. 2c). This '^23 meV kink arises 
because of the existence of a gap along the nodal direc- 
tion. This gap opening is evidenced by the corresponding 
peak position of the EDC at the Fermi momentum which 
is about 35 meV below the Fermi level (the correspond- 
ing EDC leading edge is about 12 meV below the Fermi 
level) (Fig. 2b) . The appearance of the low energy kink 
and nearly vertical dispersion is similar to that found in 
the hole-doped superconductors when a superconducting 
gap opens below Tc|16j. Note that this nodal gap in the 
underdoped (Ndo.85Ceo.i5)Cu04 (Tc=20 K) sample is a 
band gap, but not the superconducting gap which is zero 
along the nodal direction [ill. 

Fig. 3 shows momentum dependence of the ~60 meV 
kink feature in dispersions for the (Ndo.85Ceo.i5)Cu04 
samples. For the optimally-doped sample (Tc=24 K) 
(Fig. 3a), the ~60 meV kink persists over a relatively 
large momentum space that is covered, with the kink fea- 
ture getting slightly weaker when the momentum move 
away from the nodal region (Fig. 3a). Also note in 
this momentum space, there is no indication of band gap 
opening, as seen from the EDCs on the Fermi surface(Fig. 
3b). For the slightly underdoped sample (Tc=20 K) (Fig. 
3c), a band gap is present near the nodal region which 
gets larger when the momentum moves away from the 
nodal region, as seen from the position of EDCs on the 
Fermi surface (Fig. 3d). This observation is consistent 
with the previous measurements (lol [20| . The gap size 
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FIG. 2: Nodal kink in the slightly underdoped 
(Ndo.85Ceo.i5)Cu04 (Tc=20 K) sample. (a). Photoe- 
mission image along the (0,0)-(7r,7r) nodal direction at 15 K. 
The location of the momentum cut is shown in the inset of 

(b) . (b). The corresponding photoemission spectra. The 
EDCs near the Fermi momentum shows a peak-dip-hump 
structure, with the peak and hump positions marked by 
triangles and the dip position marked by a dashed red line. 

(c) . Nodal dispersion extracted from the MDC analysis. The 
black straight line is a guide to the eye which also serves as 
an empirical bare band to extract the effective real part of 
electron self-energy (ReE), as shown in the upper-left inset. 
A kink in the dispersion as well as an abrupt change in the 
effective ReE can be identified at ~60 meV, as indicated 
by black arrows. Another kink near 23 meV can also be 
seen in the dispersion and the effective ReE, as indicated by 
the purple arrows. The bottom-right inset shows the MDC 
width. 



increase shifts the energy position upwards for the kink 
induced by the band gap (Fig. 3c). As shown in Fig. 
3c, for the momentum cuts closest to the nodal direc- 
tion (Cuts 1 and 2), there is a clear ^^60 meV kink in 
dispersions with the band-gap-induced kink confined to 
a low energy (~23 meV). For the Cut 3, even though 
the band-gap- induced kink energy gets higher (~34 meV) 
one can still observe the ^60 meV kink which appears to 
get weaker than that for Cuts 1 and 2. For the Cut 4, the 
band-gap-induced kink has a comparable energy scale at 
~60 meV, making the ^60 meV kink hard to observe. 

Fig. 4 shows the temperature dependence of 
the '~60 meV nodal kink in the optimally-doped 
(Ndo.85Ceo.i5)Cu04 (Tc=24 K) sample. It is clear that 
the ^60 meV kink is present over the entire temperature 
range measured: both below Tc and above Tc. Particu- 
larly, there is little change observed across the supercon- 
ducting transition temperature. 

The above systematic measurements on the doping- 
, momentum- and temperature-dependence of the nodal 
^^60 meV kink provide important information to judge on 
its origin in the electron-doped (Ndi.85Ceo.i5)Cu04 su- 



perconductors. We note that, although the nodal kink 
was not observed before in the electron-doped super- 
conductors, there have been reports on the signatures 
of a kink near the (tt, 0) antinodal region[i,M [uj. 
Such an antinodal kink is attributed either to the band- 
folding effect or to the mode coupHngj^, In 
the electron-doped cuprates, the commensurate antifer- 
romagnetic fluctuation is found to be strong and may co- 
exist with superconductivity [2l|, which may give rise to 
a band folding with respect to the antiferromagnetic zone 
boundary. In this case, the original band and the folded 
band cross, forming a gap at the intersection, and sepa- 
rate into two (upper and lower) band sections [lo'|. Such 
a picture was proposed to account for the kink and the 
peak-dip-hump structure near the antinodal region [loj. 
However, this scenario is not applicable to the kink we 
have observed near the nodal region. In terms of the 
band-folding picture, because the upper section of the 
band is well above the Fermi energy along the nodal di- 
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FIG. 3: Momentum dependence of the dispersion and photoe- 
mission spectra on the Fermi surface in (Ndi.85Ceo.i5)Cu04 
superconductors, (a). Momentum-dependent dispersions for 
the optimally-doped (Ndi.g5Ceo.i5)Cu04 (Tc=24 K) sam- 
ple. The solid lines are guides to the eye. The location of 
the momentum cuts are marked in the bottom-right inset. 
For clarity, dispersions are offset along the momentum axis, 
(b). EDCs on the Fermi surface for the (Ndi.g5Ceo.i5)Cu04 
(Tc=24 K) sample, (c). Momentum-dependent dispersions 
for the slightly underdoped (Ndi.85Ceo.i5)Cu04 (Tc=20 K) 
sample. The solid lines are guides to the eye. The location 
of the momentum cuts are marked in the bottom-right inset. 
For clarity, dispersions are offset along the momentum axis, 
(d). EDCs on the Fermi surface for the (Ndi.g5Ceo.i5)Cu04 
(Tc=20 K) sample. 
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rection, the band folding effect on the occupied state is 
expected to be minimal [10|. Particularly, it would not 
produce the peak-dip-hump structure as we have ob- 
served in EDCs near the nodal region (Figs, lb and 2b). 

The above observations of the nodal ~60 meV kink 
in the dispersion, a drop in the quasiparticle scatter- 
ing rate and the peak-dip-hump structure in EDCs in 
the electron-doped superconductors show a clear resem- 
blance to those found in the hole-doped counterparts [3, 
S) H, S 0, Si- These strongly suggest that the nodal 
~60 meV kink in the electron-doped cuprates is due to 
the electron coupling with some collective excitations 
(bosons). Concerning the nature of the involved bo- 
son(s), the available candidates that are present in the 
electron-doped cuprates are either magnetic resonance 
modef2^ or phonons. The possibility of the magnetic 
resonance mode can be easily ruled out because its en- 
ergy scale (~10 meV)[2^ is far off from 60 meV. This has 
left phonons as the most viable candidate with its com- 
parable energy scale. The temperature dependence mea- 
surement (Fig. 4) lends further support to the phonon 
scenario. In the electron-doped cuprates, the oxygen vi- 
brations in the Cu02 planes produce phonon modes in 
the energy range of 50~80 meV 23, 23.l25l|. Particularly, 
the mode with the bond-stretching character has an en- 
ergy near 60 meV and exhibits an anomalous softening 
indicative of strong electron-phonon coupling 25]. This 
makes the electron coupling with this particular phonon 
mode the most likely case for the nodal ^60 meV energy 
scale in the electron-doped cuprates. 

Our present work has clearly established the nodal 
kink as a universal feature for both the electron-doped 
and hole-doped cuprates. Although the mode cou- 
pling strength[26] of the electron-doped superconductors 
(A~0.20 for the optimally- doped (Ndi.85Ceo.i5)Cu04) is 
weaker than that in the hole-doped counterparts (A~0.55 
for the optimally-doped (Lai.85Sro.i5)Cu04[3l), such a 
quantitative difference may not account for the dramati- 
cally different behaviors between the electron- and hole- 
doped cuprates [l3|- One most notable distinction be- 
tween the electron- and hole-doped cuprates is the dif- 
ferent doping evolution of the electronic structure. In 
the hole-doped cuprates, upon doping the antiferromag- 
netic parent compound, the low-lying states first de- 
velop near the nodal region while the antinodal region is 
gapped at low dopings(27. 28 . 29j . In the electron-doped 
case, b y co ntrast, the antinodal state first develops upon 
doping[30| while the nodal region is gapped at low dop- 
ings (Figs. 2 and 3d). Such a dichotomy in the electronic 
structure may play more important role in dictating the 
different behaviors between the electron-doped and hole- 
doped cuprates. 

In summary, by taking high quality data from the laser- 
based ARPES, we have clearly identified a nodal kink at 
~60 meV in the electron-doped cuprate superconductors. 
This has established a universality of the 60 meV nodal 
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FIG. 4: Temperature dependence of the nodal dispersion in 
the optimlly-doped (Ndi.85Ceo.i5)Cu04 (Tc=24 K) sample. 
The black line is a guide to the eye which also serves as an 
empirical bare band to extract the effective real part of elec- 
tron self-energy, ReE, as shown in the upper-left inset. The 
bottom-right inset shows the MDC width measured at various 
temperatures. 



kink in both electron- and hole-doped high temperature 
superconductors. The origin of the ~60 meV kink is 
attributed to the electron coupling with some collective 
excitations, with the phonons being the most likely can- 
didate. This finding also suggests that the nodal electron 
coupling may not be the major player for understanding 
different behaviors between the electron- and hole-doped 
cuprates. 
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